Wild-type strains of the phytopathogenic enterobacterium Erwinia chrysanthemi are unable to use lactose as a carbon source for growth although they possess a I8-galactosidase activity. Lactose-fermenting derivatives from some wild types, however, can be obtained spontaneously at a frequency of about 5 x 10-7. All Lac' derivatives isolated had acquired a constitutive lactose transport system and most contained an inducible (-galactosidase chrysanthemi derivative showed a constitutive synthesis of the 0-galactosidase encoded by the lacB gene. This mutation was dominant toward the lacl lacZ cloned genes. Besides these mutations affecting the regulation of the imrT or lacB gene, the isolation of structural mutants unable to grow on lactose was achieved by mutagenic treatment. These mutants showed no expression of the lactose transport system, the lmrT mutants, or the mainly expressed j-galactosidase, lacZ mutants. The lacZ mutants retained a very low ,-galactosidase level, due to the lacB product, but this level was low enough to permit use of the lacZ mutants for the construction of gene fusions with the Escherichia coli lac genes.
lactose permease nor the transacetylase. Proteus mirabilis and Salmonella typhimurium seemed to have no part at all of the lactose system (8, 21) . The transmissible nature of the lactose utilization has been described in several bacterial species belonging to the family Enterobacteriaceae; plasmids carrying the lac genes were found in Klebsiella spp. (1, 19) , P. mirabilis (8) , Salmonella typhosa (7) , and human clinical isolates of Erwinia spp. (5) .
We studied lactose catabolism in a phytopathogenic enterobacterium, Erwinia carotovora subsp. chrysanthemi. Wild-type E. chrysanthemi strains are unable to grow on lactose as carbon source but they possess a P-galactosidase activity. Our aim was to isolate mutants of E. chrysanthemi without P-galactosidase activity necessary for the construc- press). To isolate lacZ mutants, we first obtained lactosefermenting derivatives of wild-type strains (Lac'). These Lac' strains were then mutagenized to obtain Lac-mutants, which we then screened for those without ,-galactosidase activity. This led to a collection of Lac' and then Lacmutants that permitted us to analyze the lactose degradative pathway in E. chrysanthemi and to compare it with that found in other enterobacteria.
MATERIALS AND METHODS
Bacterial strains. The strains and plasmids used in this work are given in Table 1 . Three wild-type strains of E. chrysanthemi, isolated from infected plants, were used: B374 (9), 3937j (14) , and 3665 (J. P. Chambost, personal communication). These three strains are free of plasmids. Spontaneous mutants able to grow on lactose could be isolated from B374 or 3937j; clones arose after 3 days at 30°C on lactose minimal medium at a frequency of about 5 x 10-7.
Medium and growth conditions. Cells were usually grown aerobically at 30°C with agitation in minimal medium M63 (17) supplemented with glycerol, glucose, lactose, or another carbon source at a concentration of 4 mg/ml. Amino acids were added at 40 ,ug/ml; kanamycin, tetracycline, or ampicillin was added at 20 ,ug/ml.
Isolation of Lac-mutants. Negative mutants (Lac-) were isolated after mutagenic treatment (17) of the Lac+ strains with N-methyl-N'-nitro-N-nitrosoguanidine (NTG). The mutagenized cells were diluted and spread onto L-agar plates. After growth, they were replicated onto lactose minimal plates to detect Lac-mutants. ONPG test for ,-galactosidase detection. In situ plate assays were performed on clones grown overnight on glycerol mininial agar medium and after toluene treatment (2 Assay of ,-galactosidase and galactoside transacetylase. ,-Galactosidase activity was measured by the rate of hydrolysis of ONPG (2.66 mM) in Z buffer (17) . P-Galactosidase was usually assayed on toluenized cell suspensions (17) from mid-log-phase cultures. One unit of enzyme activity is the amount of enzyme which hydrolyzes 1 mmol of ONPG in 1 min at 30°C. Cell extracts for galactoside transacetylase assays were prepared by breaking the cells with a French press. The enzyme catalyzes the transfer of the acetyl group from acetyl coenzyme A to a thiogalactoside acceptor such as isopropyl-i-D-thiogalactopyranoside (IPTG). The free coenzyme A, liberated in this reaction, combines with 5,5'-dithiobis-2-nitrobenzoic acid to produce a colored compound which is determined spectrophotometrically (17) .
Assay for uptake experiments. Exponentially growing cells were washed twice with M63 medium and suspended in this medium at the appropriate concentration. Mixtures containing prewarmed cells (100 to 200 ,ug/ml) and labeled substrate (1 mM ['4C]lactose, 0.5 ,uCi/ml) were incubated at 30°C. At timed intervals, 0.1-ml samples were removed and diluted in M63, immediately followed by filtration through type HA membrane filters (0.45-,m pore size; Millipore Corp., Bedford, Mass.). The filters were washed twice with 2 ml of medium M63 and then dried and counted. The results are expressed as micromoles of lactose accumulated per milligram of cell dry weight.
Matings. Donors bearing plasmid pULB113, or its derivatives, and recipient strains were grown exponentially at 30°C in L broth (25) . Portions of 0.2-ml recipient and donor were spread on M63 plates (without carbon source) and incubated for 5 h at 300C. Bacteria were then collected by adding 1 ml of M63 medium and spread at the appropriate dilution on the selective media.
RESULTS
Analysis of wild-type strains. The three wild-type strains of E. chrysanthemi tested showed a significant basal level of P-galactosidase (Table 2) , at least 10-fold higher than the uninducdd ,-galactosidase level of an Escherichia coli strain. Induction of 3-galactosidase by lactose was weak, two-to fourfold higher than the basal level. However, in these strains lactose entered the cells very poorly ( Table 2) .
Lactose was not (or was very poorly) accumulated against a gradient concentration, and probably only the diffusion of this sugar led to the entry of lactose into the cells (Fig. 1 ).
Lactose uptake was not induced when lactose was added to the culture medium.
Analysis of Lac' derivatives. Ten spontaneous Lac' mutants were assayed in minimal medium containing glycerol or lactose: A31 to A43 derived from 3937j and A48 to A357 from B374. With the exception of A51, all of these Lac' mutants showed a lactose-inducible expression of Pgalactosidase, with an induction ratio of about 7 for 3937j derivatives and about 15 for B374 derivatives. A51 expressed this enzyme at a higher level and constitutively.
All of these Lac' strains showed a constitutive uptake of [14C]lactose (Fig. 1) which was accumulated against a gradient concentration. When the external lactose concentration was 1 mM, the ratio of concentration (inside/outside) reached about 20 for glycerol-grown cells. In lactose-grown cells, ,-galactosidase was induced at a high level, and when lactose entered it was rapidly metabolized; thus, no internal accumulation occurred (Fig. 1) . Moreover, the initial rates of lactose uptake were the results of entry and utilization of lactose.
Research of galactoside transacetylase activity. Galactoside transacetylase was assayed in the wild-type E. chrysanthemi strain 3937j, in its Lac' derivative A40, and in Escherichia coli strain P4X as control. The cells were grown to mid-log phase in glycerol or in glycerol-plus-lactose minimal me-VOL. 162, 1985 on August 27, 2017 by guest http://jb.asm.org/ Downloaded from dium. The level of transacetylase in the two E. chrysanthemi strains was very low under both growth conditions. This level was similar to that found in the noninduced Escherichia coli strain.
Isolation of lactose-negative mutants. NTG mutagenesis was performed on the Lac' derivative strains A40, A31, and A51, which gave different results in response to the mutagenic treatment. Using strain A51, with a survival rate of 15%, we failed to find a Lac-mutant among 1,500 clones tested. For strain A40, with a survival rate of 30%, we found 22 Lac-mutants among 6,000 clones. Six Lac-mutants gave a negative response to the ONPG test for fgalactosidase detection (Table 2 , strains Li to L52). For strain A31, with a survival rate of 1%, we found 49 Lacmutants among 5,000 clones, only one of which gave a negative response to the ONPG test ( Table 2 , strain L2). Analysis of lactose-negative mutants. Three Lac-mutants from A31 showing a positive ONPG test were analyzed further (strains Ti, T3, and T5). They possessed the basal level of 3-galactosidase found in wild-type strains or in noninduced Lac' derivatives, but no lactose transport system. In these strains, P-galactosidase was induced less than in the parental strain because these strains lack a lactose permease ( Table 2) .
The seven Lac-mutants, which showed no 3-galactosidase activity with the ONPG test, were assayed in glycerol and glycerol-plus-lactose minimal media (strains Li to L52). All showed a very low 3-galactosidase level (Table  2) , but a lactose uptake comparable with the parental strain (A40 or A31) or sometimes a little lower, because in these strains lactose is already accumulated when cells are grown in its presence. Their low 3-galactosidase level seemed to be inducible by lactose (Table 2 ), but even when induced the to obtain derivatives of 3665 utilizing melibiose or raffinose. The Lac-mutants derived from 3937j and lacking the lactose transport system (Ti, T3, and T5) or P-galactosidase (Li to L52) were always able to grow on raffinose, melibiose, or galactose. Screening for lactose uptake competitors. Some sugars (Table 3) were tested as inhibitors of lactose uptake. When nonradioactive lactose was added at the same concentration (10 mM), a strong inhibition of labeled lactose uptake was observed. The same inhibitory effect was found with melibiose and galactose. Raffinose inhibited lactose uptake by only 33% and another tested compound, IPTG, also showed an inhibitory effect (52%). In contrast, glucose, glycerol, or galacturonate showed no effect on lactose uptake.
Inhibition of ,-galactosidase activity. The same compounds were tested as inhibitors of the enzyme P-galactosidase (Table 4) . Melibiose, raffinose, glucose, glycerol, and galacturonate showed no, or low, inhibition. IPTG, lactose, and galactose inhibited ONPG cleavage for enzymes of strains 3937j, B374, and A50. IPTG and lactose had little effect on the enzymes of A51 and L2, whereas galactose was a stronger inhibitor in these two strains than in the others (Table 4 ).
Inducibility of 3-galactosidase and the lactose transport system. In the wild-type strain 3937j or in the Lac' derivative A40, only lactose and IPTG (5 x 10-4 M) were able to induce 3-galactosidase, whereas glucose, melibiose, and raffinose repressed 3-galactosidase synthesis (Table 5) . At higher concentrations of IPTG, no increase in ,-galactosidase activity was found, due to the strong inhibitory effect exerted by this compound on the enzyme activity. Repression caused by glucose, raffinose, or melibiose was not reverted by cyclic AMP (5 mM), whereas under these conditions cyclic AMP suppressed the glucose repression of enzymes of the a Assay conditions were the same as described for Table 2 . IPTG was added at 5 x 1O-4 M final concentration, the various sugars were at 0.2%, and cyclic AMP was added at 5 x 1o-' M final concentration 3 h before the assays. See footnote a, Table 2 , for units of specific activity.
pectate degradative pathway (data not shown). Galactose, glycerol, or succinate seemed to have no effect on Pgalactosidase synthesis (Table 5 ). In the Lac+ strain A40, lactose uptake was not enhanced or repressed by the addition of any one of the tested sugars. This transport system thus appeared to be constitutively expressed. This contrasted with the wild-type strains, such as 3937j. In these strains the presence of raffinose or melibiose in the culture medium caused a strong induction of the lactose transport system. With these two sugars, the level of lactose uptake in 3937j reached the constitutive level of the Lac+ derivatives of this strain (A31, A33, A40). There was no effect of galactose, IPTG, glucose, glycerol, or succinate on the synthesis of lactose uptake in 3937j.
Kinetics of ,I-galactosidase activity. Analysis of the kinetics of 3-galactosidase activity was performed on French press extracts of strains 3937j, A40, B374, A50, A51, and L2. In each case, the ,-galactosidase activity, measured by ONPG cleavage, displayed saturation kinetics with the Km values for ONPG given in Table 6 . The activity was also measured in the presence of lactose or IPTG at different substrate concentrations and plotted in the Lineweaver-Burk representation (Fig. 2) ; when tested, lactose and IPTG appeared to display competitive inhibition kinetics with the Ki values given in Table 6 . Cloning of E. chrysanthemi lac genes. The E. chrysanthemi lac genes were cloned, using RP4::Mu3A vector pULB113 (25) . Lac' strains of E. chrysanthemi were mated with Alac Escherichia coli strain MC4100, and exconjugants were selected for the Lac' Kanr Smr phenotype. They appeared at a frequency of about 5 x 10-8 by transferred plasmid. The majority of putative R' Lac plasmids isolated appeared very unstable. We retained only the strains which, after 10 generations in nonselective media, retained the recombinant plasmid at >90% frequency. Of 50 R'Lac strains tested, only 2 appeared stable, R'Lacl and R'Lac34 (isolated from Lac' strains A355 and A357, respectively). Expression of the E. chrysanthemi lac genes borne by these R'lac plasmids was tested in the Escherichia coli MC4100 recipient under inducing or noninducing conditions. The P-galactosidase activity was very similar to that of the parental strain ( Table 7) . The lactose transport system was slightly more efficient in Escherichia coli.
We also noticed that MC4100 bearing R'Lacl or R'Lac34 was able to grow on melibiose at 42°C and on raffinose, whereas the parental strain could not.
The gene of E. chrysanthemi coding for a lactose transport system was cloned by mating lacY Escherichia coli strain HB101 with the Lac' derivatives A40(pULB113) and A51(pULB113). For each mating, Lac' Kanr Smr exconjugants appeared at a frequency of about 5 x 10-7 by transferred plasmid. Stable plasmids were retained: R'lmrT2, R'lmrT3, and R'lmrT4 were derived from the A40 strain whereas R'lmrT5, R'lmrT6, and R'lmrT7 were derived from the A51 strain. The ,B-galactosidase activity of the HB101(R'lmrT) strains was assayed in glycerol minimal medium; in all cases, the noninduced P-galactosidase level appeared similar to that of the parental strain HB101 (data not shown). (15) . However, the biochemical characteristics of the 3-galactosidase of these bacterial species, such as affinity for ONPG, IPTG, and lactose, are quite different (20) (Table 6 ).
Gene cloning, in addition to physiological and genetic studies, could be helpful in comparing the lactose system of these enterobacteria and in determining their evolutionary origin. The R'lac plasmids bearing the E. chrysanthemi lac genes were transferred into various strains. The expression of the plasmids in a Alac Escherichia coli host appeared very similar to that in the parental E. chrysanthemi. These plasmids bore the lmrT gene encoding the lactose uptake, the lacZ gene encoding the ,-galactosidase, and its regulator gene lacI. These plasmids were put in the A51 strain which synthezise both the lmrT transport system and the lacB ,B-galactosidase constitutively; the P-galactosidase constitutivity was dominant toward the E. chrysanthemi or the Escherichia coli lacZ-lacI genes ( Table 7) . The E. chrysanthemi lmrT gene was cloned separately on a lacY Escherichia coli strain. The different R' lmrT plasmids analyzed showed the same P-galactosidase basal level as that found in the Escherichia coli parental strain. The high basal levels of the E. chrysanthemi lacZ gene or of the A51 lacB gene were not present. The lmrT gene is thus not linked to the lacZ or lacB genes on the E. chrysanthemi chromosome. The R'lac plasmid bearing both ImrT and lacZ probably resulted from multiple recombination events.
The synthesis of the lacZ-encoded ,-galactosidase in Lac' E. chrysanthemi was induced by lactose or IPTG and repressed by raffinose, melibiose, or glucose. The repression was not a classic "catabolite repression" because it was not reverted by cyclic AMP, which affects, for instance, catabolite repression caused by glucose on the synthesis of pectolytic enzymes of E. chrysanthemi (24) . Moreover, the repression was not due to the exclusion of the inducer, because the basal level of the enzyme was also repressed and these sugars had no effect on the synthesis of lactose uptake. A similar repression by melibiose or raffinose was found on the lac genes of K. aerogenes (18) ; it was probably due to a specific binding of these ,-galactosides to the lacI repressor.
Mutagenic treatment of Lac' strains led to the isolation of two types of mutants. The ImrT ones were unable to transport lactose but had a normal ,-galactosidase level. The others, with a normal lactose uptake, showed no more than a very low P-galactosidase level. They were called lacZ mutants by analogy with Escherichia coli. It appeared that another enzyme is responsible for this low P-galactosidase activity in E. chrysanthemi. This second enzyme does not seem to be inducible by lactose (Table 2 ) and could be related to the existence of the ebg system of Escherichia coli (3) . 162, 1985 on August 27, 2017 by guest http://jb.asm.org/ Downloaded from the inhibitory effects of lactose, IPTG, and galactose, were analyzed. These results confirmed the existence of two different enzymes. One, the product of the lacZ gene, is mainly expressed in the wild-type strains and in the Lac' derivatives, except A51. The other, the product of the lacB gene, is expressed at a very low level in the wild-type or in the Lac' strains but is revealed in the lacZ mutants. The constitutive and highly expressed ,-galactosidase of strain A51 is the product of the lacB gene, its Km for ONPG, and its inhibitory pattern being similar to those of the lacZ mutant L2. The lacB-encoded P-galactosidase was not, or was very weakly, inhibited by lactose and IPTG, whereas the lacZ product was strongly inhibited by these two compounds. In contrast, galactose inhibition, was stronger on the lacB product than on the lacZ product.
We failed to obtain Lac-mutants from A51; however, we obtained such mutants from other Lac' strains under similar conditions. The presence of two ,-galactosidases strongly expressed in this strain probably caused the decrease in frequency of Lac-mutant obtainment. Moreover, lactose uptake was higher in strain A51 than in the other Lac' derivatives of B374. Further analysis of the properties of lactose uptake could permit us to determine whether there is a different lactose transport system in this strain. Cloning of the lactose genes of strain A51 might also permit us to resolve the number and identity of mutations of this strain.
The different lactose mutations isolated in this work permitted a genetic analysis of lactose catabolism in E.
chrysanthemi and an approach to its regulation. Lac' mutants are mutated at the level of regulation of the ImrT gene, and in strain A51 the regulation of the lacB gene is affected. Structural mutations were obtained in the lacZ and ImrT genes. To construct an E. chrysanthemi strain without any P-galactosidase activity, the isolation of a double lacZ lacB mutant appeared necessary. However, lacZ mutants retained a very low ,-galactosidase activity and can be used for gene fusions, in contrast to wild-type strains which have too high a level. These techniques permit the expression of P-galactosidase under the control of the regulatory elements of the fused gene. Our E. chrysanthemi strains were sensitive to Mu phage, so we were able to lysogenize lacZ mutants with the Mu d(Ap lac) phage (4) and to isolate gene fusions between the Escherichia coli lac genes and various E. chrysanthemi genes (Hugouvieux-Cotte-Pattat and Robert-Baudouy, in press). The technique of gene fusion, using Mu d(Ap lac) and lacZ E. chrysanthemi mutants, will be quite useful for further analysis of the regulation of the metabolic pathways of this bacterium, particularly those involved in phytopathogenicity, such as the polygalacturonate degradation pathway which is under study in our laboratory (6, 11; Hugouvieux-Cotte-Pattat and RobertBaudouy, in press).
